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The influence of a repump laser on a nearly degenerate four-wave-mixing (NDFWM) spectrum
was investigated. We found the amplitude and line shape of the NDFWM depended strongly on
the detuning of the repump field. A five-peak structure was observed. And at some certain repump
detuning a dip appeared at the central peak. A rough analysis was proposed to explain this effect.
PACS numbers: 42.65.Hw, 32.80.-t
I. INTRODUCTINON
Nearly degenerate four-wave mixing (NDFWM) has
been extensively studied during last three decades, be-
cause it has many applications, such as phase conjugating
mirror and NDFWM spectroscopy [1, 2, 3, 4, 5, 6, 7, 8].
In the latter case people are interested in the line shape of
the spectrum. This spectrum can provide important in-
formation about the relaxation of states due to reservoir
coupling. Many experiments employed alkali vapor as
the nonlinear medium. Various theoretical models were
presented [9, 10, 11]. These models were based on a
two-level system (TLS) driven by a pump field. However
in the real case a pure TLS is hard to find, one must
consider the influence of Zeeman degeneracy and other
effects. In this paper we report an experimental study of
NDFWM when a repump field is applied. We show that
this repump field not only increases the NDFWM signal
dramatically but also affects the lineshape of the ND-
FWM spectrum in a profound way. We present a simple
model to explain one single phenomenon. More efforts
are still needed to fully understand the phenomena that
we observed.
II. EXPERIMENT
We used the D1 transition of 85Rb to produce the ND-
FWM signal and a repump laser was tuned to D2 line
of 85Rb. Fig. 1 shows the energy diagram of the atom
and schematic setup of the experiment. The pump field
was detuned from 5S1/2(F = 2) → 5P1/2(F = 3) tran-
sition. ∆ is detuning of pump laser from this transi-
tion. The probe laser scanned across this transition. The
relative detuning of probe field to pump field is δ. The
repump laser was tuned near 5S1/2(F = 3) → 5P3/2
manifold with detuning ∆r. ∆r is the detuning from
5S1/2(F = 3) → 5P3/2(F = 2) transition. All these
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lasers are external cavity diode laser (ECDL) and have a
linewidth below 1MHz. The powers of pump and probe
fields are both 0.6mW. The power of repump field is
3mW. In order to minimize the influence of Doppler
broadening, the angle between probe and pump beam
were kept small (about 4mrad). Diameters of the probe
and pump beam are about 1mm. After passing the va-
por cell the forward pump beam was reflected back to
form the backward pump beam and overlapped with the
forward pump beam. The pump and probe laser were
both linearly polarized. The generated NDFWM signal
was pick up by a 50/50 beam splitter and directed to
a photodiode detector. The temperature of the vapor
cell was about 60◦C, which resulted in an atomic density
3.5× 1011/cm3.
Fig. 2 shows the recorded signal without repump
beam. The signal has a triplet structure. This phe-
nomenon has been reported in Ref. [8], but was not prop-
erly explained. In Ref. [8] the three peaks were said to be
located at δ = 0 and δ = ±Ω′,where Ω′ = √∆2 +Ω2 is
the generalized Rabi frequency and Ω is Rabi frequency of
the forward pump field. And a picture based on dressed-
state was given. However this is not correct. Actually
the two side peaks were located at (δ = ±2∆) respec-
tively [10]. Fig. 3 are positions of NDFWM peaks versus
pump detuning ∆. We can see the experimental data
and the theoretical curve are in good agreement. Note
that the produced NDFWM signal is rather small. This
is because of the optical pumping effect of the pump and
probe fields. These fields pumped most of the atoms
to 5S1/2(F = 3) manifold through optical pumping pro-
cess. Atoms in this internal state will not contribute
to the NDFWM process, thus leads to a small signal.
However when we added a repump laser to pump these
atoms back to the 5S1/2(F = 2) manifold, the produced
NDFWM signal was dramatically changed. First the sig-
nal increased significantly (Increased by a factor 20 when
repump had an appropriate detuning). This is easy to
understand because the atoms which can produce the
NDFWM signal was increased due to hyperfine optical
pumping of the repump laser. It is more interesting that
the lineshape of the NDFWM signal changed dramat-
2ically too. We found this change depended sensitively
on the detuning of the repump laser. Fig. 4 shows the
observed NDFWM signal with a fixed pump detuning
∆ ≈ 105MHz and various repump detuning. The most
remarkable change was that the original triplet structure
changed to a five-peak structure (∆r = −60MHz). And
at certain repump detuning a dip appeared at the cen-
tral peak. The relative amplitude of these peaks also de-
pended sensitively on the detuning of the repump laser.
The dip at the central peak appeared when the detuning
of repump field is about -79MHz. The FWHM of the
dip was sub-Doppler and was dominated by the resid-
ual Doppler width due to imperfect probe-pump aligning.
As pointed out in an early work by Berman [11], narrow
structure was expected to appear whenever the system
did not conserve population, orientation or alignment.
III. DISCUSSIONS
The five-peak structure is hard to explain although in-
teresting. Here we only give a possible explanation of
these phenomena. The change of amplitudes of these
peaks maybe owing to the hole burning effect and the
energy level degeneracy. Because the linewidth of the re-
pump laser is narrow, it will burn a hole on the Maxwell
velocity distribution of the atoms. That is atoms with
a certain velocity will experience the hyperfine optical
pumping effect. When the repump laser is scanned,
atoms with different velocity will be pumped back to
5S1/2(F = 2) manifold. Consequently this will cause dif-
ferent lineshape of NDFWM signal at different repump
detuning ∆r. In the following we will try to explain one
single phenomenon that we observed. That is the dip in
Fig. 4(c).
Consider a two level system as showed in Fig. 5. γ1,
γ2 are total relaxation rates of level 1 and 2 respectively.
γ2→1 are spontaneous decay from level 2 to level 1. ∆ =
ω − ω0 and δ = ωp − ω are detunings of the pump field
and the probe field respectively. We adopt the treatment
in Ref. [10]. The equation which governs the evolution of
density matrix ρ is given by,
i~(
∂
∂t
+ ~v · ∇)ρ = [H0, ρ] + [V, ρ]− i~
2
[Γ, ρ] + i~
dρ
dt
|sp + i~dρ
dt
|ph + i~Λ , (1)
where H0 is free Hamiltonian of the system, V is the interaction term, ~v · ∇ accounts for the motion of the atoms. Γ
represents decay to the reservoir. dρdt |sp and dρdt |sp describe decay from 2 to 1 and decay of coherence between them
respectively. Λ is the term to account for incoherent pumping. The equations for the matrix elements are,
i~(
∂
∂t
+ ~v · ∇)ρ11 = (V12ρ21 − c.c.)− i~γ1ρ11 + i~γ2→1ρ22 + i~λ1 , (2)
i~(
∂
∂t
+ ~v · ∇)ρ22 = −(V12ρ21 − c.c.)− i~γ2ρ22 + i~λ2 , (3)
i~(
∂
∂t
+ ~v · ∇)ρ12 = −~ω0ρ12 + (V12ρ22 − ρ11V21)− i~γTphρ12 , (4)
where γTph =
1
2 (γ1 + γ2) + γph.
The third order nonlinear polarization generated by Ef , Eb and Ep is P
(3) = χ(3)EfEbE
∗
p . The phase matching
conditions result in the signal field, Es, counterpropagating with the probe beam. If the pump fields are at frequency
ω and the probe field at frequency ω + δ, then by energy conservation the frequency of the signal is ω − δ. Solving
the density equations (2-4) in a perturbation manner can yield,
P (3) = −N0µ12
4
ΩfΩbΩ
∗
pe
−i[(ω−δ)t+~kp·~r]
1
−(∆− δ)− ~kp · ~v + iγTph
×[ 1−R
δ −∆~k · ~v + iγ1
+
1 +R
δ −∆~k · ~v + iγ2
][
1
−∆+ ~kf · ~v + iγ12
+
1
(δ +∆)− ~kp · ~v + γ12
] + c.c , (5)
where Ωi (i = f, b, p) is the Rabi frequency µ12Ei/~ as-
sociated with optical field Ei. N0 is the equilibrium pop-
ulation difference,
(ρ11 − ρ22)eq =
λ1
γ1
− λ2
γ2
(1− γ2→1
γ1
) (6)
The spectrum lineshape is determined by the decay
3parameters mentioned above. Two situations are of spe-
cial interest in our case. Fig. 6(a) and (b) shows the two
NDFWM spectrum without integration over velocity dis-
tribution. In Fig. 6(a), where γ1 < γ2 − γ2→1, we can
see the triplet structure. A narrow peak in center and
two broader peaks at the wings. The linewidth of the
center peak is determined by γ1. When γ1 > γ2 − γ2→1
the spectrum (Fig. 6(b)) is quite different with the one
shown in Fig. 6(a). While the essential difference is that
a dip appeared in the center of the spectrum. Fig. 6(c)
and (d) are the spectrums after integration over velocity.
We can see the dip still exists in Fig. 6(d), but the two
side peaks are washed out by the integration.
Compare the phenomena we observed with the theory
we can see that when a repump laser with appropriate
detuning is added the effective decay rate γ2 − γ2→1 is
dramatically reduced. Consequently a dip will appear
at the center of the spectrum. However quantitatively
comparison between experimental data and theoretical
values is impossible because the model we use is overly
simplified. One must take the level degeneracy into ac-
count. And the hole burning effect and power broadening
of the repump laser should also be taken into considera-
tion. Therefore careful and complex calculation is needed
to achieve this goal.
We also changed the polarizations of pump, probe and
repump beam respectively. We found that the NDFWM
signal was insensitive to these changes. Only small vari-
ation of signal amplitude was observed.
In order to study the influence of the repump power on
the NDFWM signal, we did the experiment with different
repump powers. We found when we increased the repump
power the signal increased while showed some saturation.
When the repump power was high enough, the dip in the
center of the spectrum disappeared. This is because the
power broadening caused by the repump laser washed out
this tiny structure.
Finally we want to mention that we noticed there was
a similar work reported by Zhu et. al. [12]. But the
phenomenon they observed was totally different. In their
work the D2 transitions of 85Rb were used to produce
NDFWM signal and a repump laser was tuned to the D1
transitions. They found no significant changes except the
signal was amplified several times. We conjecture that
this is because their lasers were so strong that saturation
and power broadening became the dominant effects.
IV. CONCLUSION
In conclusion, we have studied the influence of a re-
pump laser on a NDFWM spectrum. We found the am-
plitude and line shape of the NDFWM depended strongly
on the detuning of the repump field. A five-peak struc-
ture was observed. And at a certain repump detuning
a dip appeared at the central peak. A rough analysis
was proposed to explain this effect. More efforts are still
needed to fully understand the phenomena that we ob-
served.
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Figure Captions
Fig. 1 Experimental Setup. P, polarizer; BS, 50/50
beam splitter; D, photo diode detector. The angle be-
tween probe and pump beam were about 4mrad. Di-
ameters of the probe and the pump beam were about
1mm. After passing the vapor cell the forward pump
beam was reflected back to form the backward pump
beam and overlapped with the forward pump beam. The
pump and probe beams were 795nm lasers tuned near
the 5S1/2(F = 2) → 5P1/2(F = 3) transition of 85Rb
with detuning ∆ and δ respectively. The repump beam
was a 780 nm laser tuned near 5S1/2(F = 3) → 5P3/2
manifold with detuning ∆r. ∆r is the detuning from
5S1/2(F = 3)→ 5P3/2(F = 2) transition.
4Fig. 2 NDFWM spectrum without repump beam. The
pump detuning ∆ = 115MHz. δ is the relative detuning
from the frequency of central peak.
Fig. 3 Peak positions of three NDFWM resonance ver-
sus pump detuning ∆.
Fig. 4 NDFWM spectrum with repump field turned
on and various repump detuning ∆r. From (a) to (j) the
repump detuning ∆r are -205MHz, -132MHz, -79MHz,
-60MHz, -15MHz, 93MHz, 122MHz, 163MHz, 168MHz
and 317 MHz respectively.
Fig. 5 Simple two-level system. γ1 and γ2 are total
decay rate of level 1 and 2 respectively. γ2→1 is the decay
rate from 2 to 1.
Fig. 6 Calculated NDFWM spectrum based on Eq.(5)
with different parameters. (a) ∆ = 50, γ1 = 3, γ2 =
6, γph = 3, γ2→1 = 6. (b) ∆ = 50, γ1 = 3, γ2 =
0.1, γph = 3, γ2→1 = 6. (c) the same as (a) but the
spectrum was integrated over velocity distribution. (d)
the same as (b) but the spectrum was integrated over
velocity distribution.
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